he budding yeast S phase checkpoint responds to hydroxyurea-induced nucleotide depletion by preventing replication fork collapse and the segregation of unreplicated chromosomes. Although the block to chromosome segregation has been thought to occur by inhibiting anaphase, we show checkpoint-defective rad53 mutants undergo cycles of spindle extension and collapse after hydroxyurea treatment that are distinct from anaphase cells. Furthermore, chromatid cohesion, whose dissolution triggers anaphase, is dispensable for S phase checkpoint arrest. Kinetochore-spindle attachments are T required to prevent spindle extension during replication blocks, and chromosomes with two centromeres or an origin of replication juxtaposed to a centromere rescue the rad53 checkpoint defect. These observations suggest that checkpoint signaling is required to generate an inward force involved in maintaining preanaphase spindle integrity during DNA replication distress. We propose that by promoting replication fork integrity under these conditions Rad53 ensures centromere duplication. Replicating chromosomes can then bi-orient in a cohesin-independent manner to restrain untimely spindle extension.
Introduction
During mitosis, replicated chromosomes align on a bipolar mitotic spindle and are segregated to daughter cells. In most eukaryotes, chromosome replication and segregation are restricted to separate cell cycle phases by a defined G 2 /M transition. However, in budding yeast, DNA replication and spindle assembly are initiated simultaneously. After the G 1 /S transition, two kinesin motors, Cin8 and Kip1, have been implicated in forming the preanaphase spindle by pushing apart antiparallel arrays of microtubules (MTs) that inter-digitate between duplicated spindle pole bodies (SPBs). After the spindle poles separate, Cin8 and Kip1 continue to generate an outward force that prevents spindle collapse and drives the dramatic fivefold extension of the spindle that segregates chromosomes during anaphase (Saunders and Hoyt, 1992) . Thus, budding yeast face the unusual challenge of preventing inappropriately timed spindle extension while S phase is in progress.
In an unperturbed cell cycle, regulation of preanaphase spindle length is achieved through two processes. First, the outward force of Cin8 and Kip1 is balanced by motors that promote spindle contraction (Saunders et al., 1997) . Second, cohesion between replicated chromatids allows the pulling of bi-oriented kinetochores (KTs) toward opposite spindle poles to generate a form of traction that limits spindle extension. Yeast centromeres ( CENs ) replicate early in S phase, and DNA synthesis is completed before SPBs separate (McCarroll and Fangman, 1988) . This timing ensures that, similar to the situation in other eukaryotes, chromatid pairs engage the spindle in a bipolar fashion during spindle assembly. Once all chromatids align, an inhibitory signal from the spindle checkpoint that monitors bi-orientation is relieved. The anaphase-promoting complex (APC) then targets Pds1/securin for ubiquitin-mediated degradation (CohenFix et al., 1996) . Pds1 proteolysis allows Esp1/separin to cleave the Mcd1/Scc1 cohesin subunit, triggering chromatid disjunction and spindle elongation (Ciosk et al., 1998) .
Additional mechanisms are necessary to couple spindle extension to anaphase onset when the relative timing of S phase and spindle assembly is perturbed. After treatment with the ribonucleotide reductase inhibitor hydroxyurea (HU), for example, two protein kinases, Mec1 (homologue of vertebrate ATM/ATR) and Rad53 (homologue of vertebrate Chk2), control S phase checkpoint responses that coordinate chromosome replication and segregation. One facet of the S phase checkpoint promotes DNA synthesis in the face of nucleotide depletion by preventing fork collapse and by delaying the firing of origins Correspondence to Jeff Bachant: jeffbach@citrus.ucr.edu Abbreviations used in this paper: APC, anaphase-promoting complex; CEN , centromere; HU, hydroxyurea; KT, kinetochore; MT, microtubule; SPB, spindle pole body; WT, wild-type.
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of replication that are activated in mid to late S phase (Santocanale and Diffley, 1998; Lopes et al., 2001) . Another facet controls a cell cycle arrest mechanism that prevents spindle extension (Allen et al., 1994; Weinert et al., 1994) . Due to the apparent similarity of spindle extension in HU-treated mec1 and rad53 mutants to anaphase spindle elongation, it has been thought that the S phase checkpoint prevents spindle extension by preventing anaphase entry. In response to various forms of DNA damage that do not overtly stall DNA replication, Mec1 has in fact been shown to block anaphase through two pathways that make Pds1 resistant to APC proteolysis. One pathway, regulated by Rad53, prevents Pds1 recognition by the APC specificity factor Cdc20 (Agarwal et al., 2003) . The other pathway, controlled by the Chk1 kinase, phosphorylates Pds1 to block ubiquitination (Wang et al., 2001 ). However, cell cycle arrest after HU treatment is independent of Pds1, suggesting an alternative mechanism to Pds1 stabilization restrains spindle extension during early S phase (Yamamoto et al., 1996; Clarke et al., 1999 Clarke et al., , 2003 . The nature of this mechanism remains an unresolved issue in yeast cell cycle control.
Here, we present evidence that the S phase checkpoint controls cell cycle arrest not by inhibiting anaphase but by allowing the bi-orientation of replicating chromosomes to generate an inward force within the spindle that prevents extension during S phase distress. Cell imaging reveals that HU-treated rad53 mutants undergo cycles of spindle extension and collapse that are dissimilar to anaphase spindle elongation. In addition, S phase checkpoint arrest is independent of cohesin, indicating restraint of spindle extension during S phase is distinct from inhibition of anaphase. Three observations suggest that bipolar chromosome attachments provide a force to prevent defective extension during HU arrest and that Rad53 plays a fundamental role in promoting these connections. First, mutants defective for the KT proteins Ask1, Mif2, Ndc10, and Ndc80 and the KT regulator Ipl1 exhibit spindle extension after HU treatment. Second, a dicentric chromosome rescues spindle extension in HU-treated rad53 cells. Third, introducing as few as three minichromosomes where an origin of replication is placed in close proximity to a CEN is sufficient to block the rad53 spindle extension phenotype. These findings suggest a model in which the early replication timing of yeast CENs is a functionally significant aspect of cell cycle control. According to this view, the conserved role of checkpoint signaling in stabilizing DNA replication complexes ensures CEN duplication during S phase distress. Replicating chromosomes can then biorient and generate the traction necessary to restrain untimely spindle extension.
Results

Spindle extension in rad53 mutants treated with HU
We consistently noticed differences between spindle extension in mec1 and rad53 mutants treated with HU and anaphase spindle elongation, prompting a detailed examination of the S phase checkpoint cell cycle arrest defect. The rad53-21 allele was chosen for this analysis because rad53-21 is proficient for the essential function of RAD53 but exhibits an S phase checkpoint defect equivalent to a rad53 deletion (Desany et al., 1998) . Wild-type (WT) and rad53-21 cells were synchronized in G 1 and released in the presence or absence of 200 mM HU. Spindle morphology was examined using tubulin-GFP and a CEN -proximal GFP chromosome tag ( TRP1-GFP ; Straight et al., 1997) . WT cells arrested with a 1-2-m spindle and a single TRP1-GFP dot adjacent to one SPB (Fig. 1 A) . In contrast, many rad53-21 cells displayed spindle extension, frequently characterized by reduced tubulin intensity in the central spindle, suggesting collapse, breakage, or disassembly. These aberrant spindles were only observed after HU treatment; spindle elongation in rad53-21 cells in the absence of HU was indistinguishable from WT controls ( Fig. 1 D and not depicted) . During rad53-21 spindle extension, TRP1-GFP was visualized as a single dot closely associated with either SPB ( Fig. 1 A) ; DAPI staining confirmed the majority of DNA was segregated on the spindle (Fig. 1 B) . To provide a more quantitative assessment of spindle extension, a GFP-tagged SPB protein was used to measure pole separation in HU-treated rad53-21 mutants. Using 3 m as a minimum length for an extended spindle, ‫ف‬ 40-50% of rad53-21 cells exhibited spindle extension with similar kinetics to anaphase spindle elongation in an unperturbed cell cycle (Fig. 1, C and D) . Most spindles did not extend beyond 5 m, far shorter than the ‫ف‬ 10-m spindles characteristic of complete anaphase extension (Fig. 1 C) . Thus, spindle extension in HU-treated rad53 mutants is variable, incomplete, and accompanied by perturbations to spindle morphology.
Rad53 is required to maintain mitotic Cdk1 activity after DNA damage checkpoint activation (Sanchez et al., 1999) . To determine if Rad53 functioned similarly in S phase, WT and rad53-21 Clb2-HA strains were released from G 1 in the presence or absence of HU. Clb2-Cdk1 was recovered by immunoprecipitation. Both WT and rad53 cells accumulated Clb2-Cdk1 activity during the replication block, although at reduced rates compared with untreated controls (Fig. 1 E) . Thus, Rad53 is not required to maintain Clb2-Cdk1 activity during HU arrest.
rad53 mutants treated with HU undergo dynamic alterations in spindle length
We continued our analysis of the rad53 S phase checkpoint defect by visualizing spindle extension using live cell imaging (Videos 1-5, available at http://www.jcb.org/cgi/content/full/ jcb.200412076/DC1). WT and rad53-21 SPC42-GFP strains were released from G 1 arrest into 200 mM HU media. Filming was initiated once spindle extension was occurring in ‫ف‬ 25% of the population, allowing visualization of the initial extension of the spindle in some cells and subsequent changes once spindle extension had occurred in others. In HU-arrested WT cells, spindle length remained relatively constant at ‫ف‬ 2 m, although translocations of the spindle within the cell were observed (Fig.  2 A) . Spindle translocations were also observed in rad53 mutants, but were accompanied by SPB separation at rates comparable to the 0.5 m/min observed during the rapid phase of anaphase B (Straight et al., 1997; Fig. 2, B-D) . Unexpectedly, spindle extension was in fact reversible, with SPBs contracting at rates similar to the rate of extension. This cycle was variable, with seemingly stochastic conversions between extension and collapse. These dynamics account for the continuum of spindle lengths in HU-treated rad53 cells and are distinct from unidirectional spindle elongation during anaphase.
Cohesin is not required to prevent spindle extension during S phase arrest
Yeast mutants defective for APC-mediated Pds1 degradation cannot disjoin chromatids and arrest with an ‫ف‬ 2-3-m metaphase spindle. The importance of cohesion in preventing spindle extension can be observed using APC mutants that are also defective for cohesion, as these cells undergo spindle extension even though Pds1 is stabilized (Michaelis et al., 1997) . Although Pds1 is not required to prevent spindle extension during S phase checkpoint arrest, cohesin is deposited on chromosomes at an HU replication block (Blat and Kleckner, 1999) . Thus, cohesion at early replicating CEN regions could prevent spindle extension at a point when Mcd1/Scc1 was not yet susceptible to cleavage. Alternatively, S phase checkpoint arrest could occur through a cohesinindependent mechanism. To distinguish between these scenarios, we compared the ability of cohesion-defective scc1-73 mutants to restrain spindle extension during either S phase checkpoint arrest induced by HU or during metaphase arrest induced by inactivation of the APC component Cdc23. WT, rad53-21 , and scc1-73 mutants were released from a G 1 block into 200 mM HU media at a scc1-73 nonpermissive temperature. Whereas rad53-21 initiated spindle extension between 60-90 min, scc1-73 mutants arrested with normal preanaphase spindles ( Fig. 3 ; Guacci et al., 1997) . However, when cdc23-1 , cdc23-1rad53-21 , and cdc23-1scc1-73 cells were released in the absence of HU, we observed a reciprocal pattern where cdc23rad53-21 mutants arrested normally but cdc23-1scc1-73 exhibited spindle extension. Thus, Mcd1/Scc1 does not couple spindle extension to anaphase onset during S phase checkpoint arrest. 
Chromosome attachment to the spindle is required to restrain S phase spindle extension
To define the cohesin-independent forces restraining spindle extension during S phase, we conducted a genetic screen for mutants exhibiting HU sensitivity and extended spindles after HU treatment (Esh Ϫ phenotype; Alcasabas et al., 2001 ). Interestingly, mutant alleles of two genes implicated in KT function ( ASK1 and SMT4/ULP2 ) were identified. ASK1 encodes a component of the CEN -binding Dam1/DDD/DASH complex (Li et al., 2002) , whereas SMT4 encodes an isopeptidase that deconjugates the ubiquitin-like SUMO protein (Li and Hochstrasser, 2000) . SMT4 was isolated as a suppressor of a mutation in the KT protein Mif2, suggesting SMT4 might function in a pathway regulating Mif2 function (Meluh and Koshland, 1995) . Indeed, we identified Mif2 as a Smt4 binding partner in a twohybrid screen, providing another connection between these proteins (Fig. 4 C) . smt4-3 and ask1-1 mutants isolated in the Esh Ϫ screen failed to recover from HU treatment, although the severity of this defect was less than that of rad53-21 (Fig. 4 A) . Using the criteria established for rad53, ‫%52ف‬ of smt4-3 SPC42-GFP cells and ‫%01ف‬ of ask1-1 SPC42-GFP cells released from G 1 into 200 mM HU media showed an extended spindle phenotype (Fig. 4 B) .
The results from the Esh Ϫ screen are consistent with a role for the KT in preventing spindle extension during HU ar- rest. However, spindle extension in HU-treated smt4-3 mutants could reflect SUMO regulation of processes unrelated to KT function. Also, the spindle extension phenotype of ask1-1 is less severe than rad53-21. Therefore, we began a more comprehensive analysis of KT-defective strains, beginning with mif2-2 and ask1-3 mutants. At a nonpermissive temperature, ask1-3 cells undergo an aberrant mitosis in which spindles extend in the absence of chromatid disjunction (Li et al., 2002) . The failure of chromatids to separate reflects activation of the spindle checkpoint because the delay in sister separation is eliminated in checkpoint-defective ask1-3mad2-⌬ mutants. Similarly, when mif2-2 TRP1-GFP cells were released from G 1 at a nonpermissive temperature, spindle extension was initiated well in advance of TRP1-GFP disjunction, and the relative timing of chromatid separation and spindle extension was restored in a mif2-2mad2-⌬ strain (Fig. S1 , available at http:// www.jcb.org/cgi/content/full/jcb.200412076/DC1). mif2-2 mutants showed reduced viability when exposed to HU (Fig. 5 A) , and, after release from G 1 into 200 mM HU media at a nonpermissive temperature, ‫%05-04ف‬ of mif2-2 and ask1-3 cells displayed a robust Esh Ϫ phenotype (Fig. 5 B) . Spindle extension was initiated with similar timing to rad53 controls (Fig. 5 C) , and, as observed in rad53 mutants, elongated spindles exhibited diminished tubulin staining in interpolar regions (Fig. 6  A) . Thus, Ask1 and Mif2 are required to couple spindle extension to anaphase onset not only during a metaphase block induced by the spindle checkpoint but also during an S phase block induced by HU. This finding is in contrast to the requirements for Mcd1/Scc1, which is only manifested once the bulk of S phase is complete, and for Rad53, which is only observed during S phase arrest (Fig. 3) .
Although HU-treated rad53, ask1, and mif2 mutants all exhibit untimely spindle extension during S phase, there was an apparent difference between these strains in the association of replicating chromosomes with the spindle. During spindle extension in rad53-21 cells, chromosomes partitioned equivalently between SPBs (Fig. 1 B) . In contrast, chromosomes often associated with a single SPB or were distributed unequally along the spindle axis in HU-treated ask1-3 and mif2-2 strains (Fig. 6 A) . Therefore, we used a GAL-CEN transcription readthrough assay as a different assessment of CEN-KT complex function in rad53-21 mutants. In this assay, a CEN is placed between a promoter and a reporter gene, creating a barrier to transcription after KT assembly. Mutations that disrupt CEN chromatin structure relax this interference, allowing increased reporter gene expression (Doheny et al., 1993) . WT and rad53-21 cells transformed with a minichromosome in which CEN6 was positioned between the GAL1/10 promoter and the URA3 gene (pGAL-CEN6-URA3) exhibited a 10-100-fold reduction of growth on galactose media lacking uracil compared with pGAL-URA3controls lacking the CEN6 insert (Fig. 6 B) . In contrast, mif2-2/pGAL-CEN6-URA3 and mif2-2/pGAL-URA3 cells showed equivalent growth with or without URA3 selection, indicating a relief of CEN interference. Thus, an important distinction between mif2 and rad53 mutants is that spindle extension in HU-treated rad53 cells is not accompanied by a detectable defect in CEN-KT complex structure or function.
Many KT-defective mutants exhibit perturbations to preanaphase spindle integrity characterized by defective extension (Jones et al., 1999; Goshima and Yanagida, 2000; EnquistNewman et al., 2001; Janke et al., 2002; Nekrasov et al., 2003) . However, there is considerable variability in this phenotype. For example, a recent paper examined a collection of dam1 mutants and found that different alleles exhibited phenotypes ranging from cell cycle arrest with typical preanaphase spindle morphology to an aberrant arrest accompanied by spindle extension ). This same paper found that dam1 mutants do not exhibit a loss of spindle integrity during HU arrest. However, based on our results with ask1-3 and mif2-2, we hypothesized that KT mutants exhibiting spindle extension when cell cycle progression was delayed in metaphase might also display extension during HU arrest. To test this hypothesis, we constructed a panel of cdc23-1 KTdefective double mutants. After release from G 1 at a cdc23 nonpermissive temperature, we could then compare the effect of a KT-defective mutation on spindle length during either S phase arrest (by adding HU) or metaphase arrest (by withholding HU). It has been proposed that the KT assembles from protein complexes defining inner, medial, and outer KT regions (Cheeseman et al., 2002) . Therefore, we examined mutations affecting the inner CBF3 complex (ndc10-1, ndc10-2, and ctf13-30), the medial Ndc80 complex (ndc80-1), and the outer Dam1/DDD/DASH complex (dam1-1 and duo1-2).
In the absence of HU, cdc23-1 mutants arrested with 2-4-m metaphase spindles (average 2.9 Ϯ 0.6 m), whereas cdc23-1 strains released in the presence of HU displayed the shorter spindles typical of S phase checkpoint arrest (average 2.0 Ϯ 0.5 m; Fig. 7 ). Both with and without HU treatment, cdc23-1duo1-2, cdc23-1ctf13-30, and cdc23-1ndc10-2 strains arrested similarly to cdc23-1 controls (unpublished data). Thus, these mutants fall in the anticipated class that do not perturb preanaphase spindle integrity. In contrast, cdc23-1ndc10-1, cdc23-1ndc80-1, and cdc23-1dam1-1 mutants all displayed spindle extension at the cdc23 block. Of these, cdc23-1ndc10-1 and cdc23-1ndc80-1 mutants also displayed untimely extension after HU treatment. A relatively small population (12%) of cdc23-1dam1-1 cells treated with HU did in fact exhibit Ն3-m spindles. However, there was Figure 6 . Analysis of spindle morphology in HU-treated ask1 and mif2 mutants and CEN function in rad53 mutants. (A) Spindle extension after activation of the S phase checkpoint. 2.5 h after release from G 1 to 200 mM HU at 35ЊC, DAPI and ␣-tubulin images were obtained for WT, ask1-3, and mif2-2 strains. Bars, 5 m. (B) CEN transcription assay. 10-fold serial dilutions of WT (Y300), rad53-21 (Y301), and mif2-2 (JBY358) strains transformed with pGAL-CEN6-URA3 or pGAL-URA3 were spotted onto Gal/His Ϫ and Gal/His Ϫ Ura Ϫ galactose media. Growth was assayed after 4 d at 28ЊC. Growth on His Ϫ media selects for the plasmid; His Ϫ Ura Ϫ plates reveal the extent of CEN interference with URA3 expression. much greater requirement for Dam1 after completion of S phase, with 92% of cdc23dam1-1 cells exhibiting spindle extension.
The aforementioned approach was extended to include mutants defective for the Aurora B homologue Ipl1. Because rad53 mutants did not appear defective for KT-spindle attachment, the role of Ipl1 was of particular interest because Ipl1 mediates two functions that, although not directly required for chromosomes to connect to the spindle, play important roles in facilitating KT bi-orientation. First, Ipl1 controls a spindle checkpoint response that delays Pds1 proteolysis when KTs are not tensed during spindle attachment (Biggins and Murray, 2001) . It is unlikely that this aspect of Ipl1 function prevents spindle extension during HU arrest because checkpoint-defective mad2-⌬ mutants arrested with normal preanaphase spindles after HU treatment (Fig. 8 A) . Ipl1 also promotes bi-orientation by destabilizing monopolar chromatid connections. This function has been illustrated in cdc6 mutants, which fail to initiate DNA replication and undergo a "reductional" anaphase where unreplicated chromosomes segregate with both poles during spindle extension (Piatti et al., 1995) . Chromosomes only associate with a single pole in cdc6ipl1 double mutants, revealing Ipl1 releases KTs from their initial SPB attachment and redistributes them to both poles during spindle assembly . Consistent with a role for bi-orientation in generating the traction required to restrain spindle extension, cdc23ip1-321 mutants displayed extended spindles both during metaphase arrest and after HU treatment (Fig. 7) . Furthermore, chromatin remained predominately associated with a single pole during spindle extension in HU-treated ipl1-321 and rad53ipl1-321 SPC42-GFP cells (Fig.  8 B) . (To observe extension in ipl1-321 strains it was necessary to preshift the cells to 35ЊC for 1 h before G 1 release.) First, we conclude that Ipl1 is required for chromosome segregation in HU-treated rad53 cells; and, second, that a distribution of KT-MT attachments to both spindle poles is necessary to prevent spindle extension during S phase checkpoint arrest.
Juxtaposition of CEN and ARS sequences rescue spindle extension in rad53 mutants
One hypothesis to accommodate our observations is that Rad53 promotes a cohesin-independent form of chromosome bi-orien- tation by ensuring that CENs replicate during HU challenge. If this hypothesis is correct, bridging a dicentric chromosome toward opposite spindle poles might partially substitute for Rad53 in restraining spindle extension. Conditional dicentrics have been constructed in which KT assembly at an exogenous CEN can be activated by transferring cells from galactose to glucose media (Thrower and Bloom, 2001) . By integrating a GFP chromosome tag between the two CENs (LEU2-GFP) on the dicentric it is possible to visualize the bridged chromatin region. We observed that dicentric activation in HU-treated rad53-21 strains did in fact decrease spindle extension beyond 3 m (Fig. 9 A) . This restriction was accompanied by LEU2-GFP becoming extended into a series of punctate foci, suggesting the two KTs were oriented toward opposite poles and placed under tension (Fig. 9 B) .
Although budding yeast CENs replicate early in S phase, the origins from which these forks originate are typically located several kilobases away from the CEN (Yabuki et al., 2002) . If Rad53 promotes CEN replication during HU treatment by allowing forks to traverse the distance to the CEN without collapsing, we reasoned that reducing this distance might compensate for loss of Rad53 function. Fortuitously, such a juxtaposition of CEN and origin sequences is found on circular minichromosome plasmids engineered for transfer of DNA sequences in yeast (Sikorski and Hieter, 1989) . The origin sequence (ARS) on these minichromosomes is only ‫003ف‬ bp distant from the CEN. Therefore, we examined the consequences of introducing one, two, three, and four CENARS minichromosomes into HU-treated rad53-21 cells. Remarkably, as few as two CENARS minichromosomes reduced spindle extension in HU-treated rad53-21 mutants by ‫,%05ف‬ and a further decrease was seen in cells harboring three or four minichromosomes (Fig. 10, A and B) . If these minichromosomes suppress rad53 spindle extension by allowing CEN replication, the suppression should require DNA replication and KT assembly. Indeed, the suppression afforded by three CENARS minichromosomes after HU treatment was not observed in dbf4-1 and dbf4-1rad53-21 cells defective for initiation of DNA replication or in ndc80-1 and ndc80-1rad53-21 cells (Fig. 10 C) . In contrast, CENARS minichromosomes were still able to suppress spindle extension in HU-treated scc1-73rad53-21 and mad2-⌬rad53-21 strains, indicating this effect did not require cohesion or spindle checkpoint activation. Therefore, reducing the distance between origins of replication and a critical number of CENs is sufficient to largely restrain spindle extension in the absence of Rad53 signaling.
Discussion
The S phase checkpoint blocks untimely spindle extension, not anaphase entry
The apparent similarity of spindle extension in HU-treated S phase checkpoint mutants to spindle elongation during anaphase has suggested that checkpoint cell cycle arrest is enforced by forestalling anaphase entry. However, we find that there are in fact significant differences between spindle extension in HU-treated rad53 mutants and anaphase cells. After HU treatment, rad53 spindles generally do not undergo the complete elongation characteristic of late anaphase. More dramatically, whereas anaphase spindle extension is unidirectional, spindles in HU-treated rad53 mutants alternate between extension and contraction in length. These aberrant dynamics constitute the only phenotype suggesting an uncoupling of S phase and mitosis has actually occurred, as rad53 mutants otherwise remained arrested with Clb2-Cdk1 levels similar to checkpoint-proficient controls. The observation that Mcd1/Scc1 is dispensable for restraining spindle extension during HU arrest further highlights the differences between regulation of anaphase and the S phase checkpoint ( Fig. 3 ; Guacci et al., 1997) . This observation does not exclude the possibility that the S phase checkpoint has an important role in promoting cohesion so that cells can control anaphase entry once they overcome the replication block. Rather, the important conclusion is that cohesin-independent and -dependent mechanisms operate sequentially to prevent spindle extension. The S phase checkpoint exploits the cohesin-independent pathway, suggesting spindle extension in HU-treated rad53 mutants reflects a disruption of the forces controlling spindle length rather than a true anaphase spindle movement.
Chromosome bi-orientation generates S phase spindle traction
Chromatid cohesion is normally an important determinant of spindle length because it allows KT bi-orientation to offset the outward forces driving spindle extension. However, because CENs replicate early in S phase in Saccharomyces cerevisiae (McCarroll and Fangman, 1988) , it is possible that KTs attach to the spindle in a bipolar fashion even before establishing cohesion during DNA replication distress. In this case, properties of a CEN-spanning replication bubble (such as intertwining of DNA strands) would presumably substitute for cohesion in tolerating tension on the chromosome fiber. KT bi-orientation normally provides the signal to induce anaphase entry. During early S phase, bi-orientation would not necessarily lead to the same outcome because it is unlikely that all chromosomes would be able to bi-orient (see the following section), and the machinery involved in triggering anaphase does not yet appear to be operational (Yamamoto et al., 1996; Clarke et al., 2003) . Starting with our Esh Ϫ screen, we in fact identified mutations affecting four KT proteins, Ask1, Mif2, Ndc10, and Ndc80, that engender spindle extension after HU treatment. These pro- Figure 10 . pCENARS minichromosomes suppress spindle extension in HU-treated rad53 mutants. WT (JBY1129) and rad53-21 (JBY1274) SPC42-GFP-TRP1 strains were transformed with one (pRS413), two (pRS413 and pRS415), or three (pRS413, pRS415, and pRS416) pCE-NARS plasmids (Sikorski and Hieter, 1989) . WT (Y300) and rad53-21 (Y301) were transformed with four pCENARS plasmids (pRS413, pRS414, pRS415, and pRS416). Transformants were cultured to maintain the plasmids, arrested in teins participate in interactions that link CEN DNA to spindle MTs (Cheeseman et al., 2002) , suggesting a mechanical requirement for KT-spindle attachment during HU arrest. The observation that Ipl1 is also required to prevent S phase spindle extension further suggests KTs must connect to the spindle in a bipolar fashion. Thus, the simplest interpretation is that replicating chromosomes generate bipolar spindle traction in a cohesin-independent fashion, and this force is required to appropriately regulate spindle length in HU-arrested cells.
We note that there is considerable variability in whether or not KT-defective mutants exhibit spindle extension during HU arrest. One explanation for this variability is that increasingly severe alleles compromise KT-MT interactions to a point where insufficient traction is generated to restrain extension. In support of this idea, KT-defective mutants exhibiting spindle extension after HU treatment also tend to exhibit extension when arrested in metaphase. Thus, the KT appears to be fulfilling similar roles in both the cohesin-independent and -dependent pathways restraining spindle extension. One apparent exception to this tendency is Dam1. In agreement with a previous paper, we find that Dam1 plays a more prominent role in restricting spindle extension after completion of DNA replication , suggesting KT-spindle connections are regulated differently or subjected to different forces once cohesion is established.
Spindle length is controlled not only by KT bi-orientation but also by modulating spindle dynamics. Indeed, while this manuscript was under consideration, an independent paper provided evidence that Cin8 and Stu2, a regulator of MT dynamics that promotes spindle extension, accumulate 2-5-fold in mec1 mutants after HU treatment (Krishnan et al., 2004) . Inactivation of Cin8 and Stu2 reduced mec1 spindle extension, and overproduction of Cin8 forced spindle extension during HU arrest. Using a GFP tag adjacent to CEN5, the separation of CEN-proximal regions that accompanies KT bi-orientation during metaphase was not observed during HU arrest, prompting a model in which the S phase checkpoint compensates for an inability to bi-orient replicating chromosomes by down-regulating effectors of spindle extension. In an effort to reconcile these findings with our own conclusions, we note that CENs on different chromosomes do not replicate uniformly in HU (Yabuki et al., 2002) , and variation in CEN bi-orientation between chromosomes might be expected. For example, it has been reported that 29% of CEN15-GFP cells exhibit bi-orientation after HU treatment (Goshima and Yanagida, 2000) . Furthermore, KT bi-orientation during S phase might be difficult to visualize using GFP chromosome tagging if topological intertwining interfered with CEN separation. A second consideration is that inhibiting outward force production within the spindle is limited by the requirement to offset spindle collapse (Saunders and Hoyt, 1992) . Therefore, we suggest KT-spindle attachments restrict spindle extension during S phase checkpoint arrest, but the inward force afforded by these connections is likely to be reduced compared with metaphase cells. Therefore, it may be important to simultaneously reduce the force driving spindle extension; such an uncoupling of spindle dynamics and chromosome bi-orientation may underlie the cycles of spindle extension and collapse in HU-treated rad53 mutants documented in this paper.
CEN replication as an effector of S phase checkpoint arrest
Although our data suggests chromosome attachments to the spindle prevent extension during early S phase, several observations indicate checkpoint signaling is unlikely to play a direct role in KT-spindle connections. In particular, the chromatin stretching that accompanies dicentric activation in HUtreated rad53 mutants argues that KT-MT attachments form and withstand tension. Dicentric activation actually reduces rad53 spindle extension, suggesting chromosome bridging can provide a surrogate source of traction that compensates for the rad53 defect. If this interpretation is correct, it may be surprising that we see a Ͼ50% rescue of the rad53 phenotype. As dicentric KTs presumably connect equally to the same or opposite pole, 50% suppression should be maximal. Because Ipl1 is active in HU-treated rad53 mutants and spindles cycle between extension and collapse, each cell may experience multiple opportunities to bridge the dicentric.
If Rad53 is not required for KT-spindle attachment, how could the S phase checkpoint be involved in generating spindle traction? Our observations suggest similarities between spindle extension in HU-treated rad53 mutants and the reductional anaphase of DNA replication mutants (Piatti et al., 1995) . A recent paper has shown that the origins closest to all 16 CENs do in fact fire after treatment with 200 mM HU and that most CENs have a variable probability of replicating before fork stalling (Yabuki et al., 2002) . Therefore, at the time HU-treated rad53 mutants initiate spindle extension, S phase checkpoint proficient cells would have replicated some, but not all, CEN sequences. Because a critical and conserved aspect of Rad53 function is to prevent convergent replication fork collapse (Lopes et al., 2001 ), a simple model for S phase checkpoint cell cycle arrest is that Rad53 promotes CEN replication while spindle assembly is ongoing. After KT assembly, replicating chromosomes could then bi-orient and restrict extension beyond appropriate preanaphase spindle length. This contingency plan would be supplanted as cells overcame the replication interference, established cohesion, and progressed toward metaphase. Our finding that multiple CENARS minichromosomes suppress spindle extension in HU-treated rad53 mutants, and that this suppression requires both initiation of DNA replication and KT function, provides strong support for a model in which Rad53 promotes cell cycle arrest by controlling CEN replication. If this model is correct, a key prediction is that the Rad53 substrates involved in preventing spindle extension will prove to be identical to the substrates controlling replication fork stabilization during HU treatment.
It has been known for some time that mammalian cells induced to enter mitosis without completing S phase generate KT fragments that align and segregate on the spindle (Brinkley et al., 1988) . Similarly, recent evidence from yeast suggests that the primary role of cohesin in facilitating KT bi-orientation is to allow proper chromosome tensioning; in experimental situations, this function can be supplied by other forms of chromatid association such as topological intertwining (Dewar et al., 2004) . These observations suggest that there is actually significant latitude in how KT bi-orientation is achieved. One implication of the work presented here is that budding yeast may have exploited this flexibility to accommodate a cell cycle in which spindle assembly and DNA replication are initiated simultaneously. Such a mode of mitotic control would necessitate a robust mechanism to ensure CEN replication when replication fork progression was impeded, providing a selective advantage to a chromosome architecture in which CENs were closely flanked by early firing origins of replication. 
